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We studied greenhouse gas (GHG) emissions from drainage ditches and leaching losses in a 
boreal cutaway peatland cultivated with reed canary grass (Phalaris arundinacea) for bioen-
ergy. The objectives of the study were to assess to what extent GHG emissions from drain-
age ditches and leaching of carbon and nutrients via surface drainage contribute to the total 
losses of carbon and nitrogen from the site. The emissions of CH
4
, N
2
O and CO
2
 were meas-
ured with static chamber methods for three years and leaching losses for seven years. On 
average, the drainage ditches (covering 6% of the study site area) released 10% of the total 
CH
4
 emission (0.33 g m–2 a–1), and 1% and 5% of the total N
2
O and CO
2
 emissions, respec-
tively. Leaching of total nitrogen and phosphorous were 0.31 and 0.03 g m–2 a–1, respectively. 
Leaching values were lower than those reported for agricultural catchments in general.
Introduction
Use of peatlands for forestry, agriculture or 
energy purposes has received a lot of attention 
among researchers, environmental authorities 
and policy makers due to adverse environmen-
tal impacts of peatland management including 
changes in the greenhouse gas (GHG) balances 
(e.g., Alm et al. 2007). In Finland, for exam-
ple, more than 60% of the total peatland area 
is drained (Turunen 2008). Drainage changes 
peatland hydrology and affects the biogeochem-
ical cycling of carbon and nitrogen, thereby 
impacting the exchange of radiatively active 
GHGs [carbon dioxide (CO
2
), methane (CH
4
) 
and nitrous oxide (N
2
O)] between the ecosys-
tem and atmosphere (e.g., Laine et al. 1996). 
Drainage affects the processes responsible for 
the GHG production and consumption in peat-
lands, largely due to enhanced soil aeration. It 
generally decreases anaerobic CH
4
 production 
and enhances aerobic CH
4
 oxidation, leading to 
decrease in CH
4
 emissions (e.g., Nykänen et al. 
1998). In contrast, N
2
O emissions may increase 
after drainage, especially from sites with high 
fertility and those under agricultural use (Free-
man et al. 1993, Regina et al. 1996, Velthof 
et al. 1996, Augustin et al. 1998, Regina et al. 
1998, Maljanen et al. 2004). Nevertheless, the 
total magnitude of the GHG fluxes of drained 
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peatlands is not solely determined by the gas 
exchange rates at the drained peatland surfaces, 
because the emissions from ditches can signifi-
cantly affect the total GHG budgets of sites, as 
reported for peatlands drained for forestry (e.g., 
Roulet and Moore 1995, Minkkinen et al. 1997, 
von Arnold et al. 2005, Minkkinen and Laine 
2006), agriculture (van den Pol-van Dasselaar 
et al. 1999, Schrier-Uijl et al. 2010) and peat 
extraction (Nykänen et al. 1996, Sundh et al. 
2000). The total GHG budget of drained peat-
lands depends on the proportion of ditches to the 
total drained area (e.g., Roulet and Moore 1995, 
Minkkinen et al. 1997).
Besides GHG emissions from drainage 
ditches, the export of carbon (C) and nutri-
ents via runoff should be included when the 
total sink–source relationship of the ecosystem 
is determined. Peatland drainage has been asso-
ciated with enhanced dissolved organic carbon 
(DOC) loss, water discoloration and increased 
leaching of nutrients (Sallantaus 1986, Heik-
kinen et al. 1995, Armstrong et al. 2010). Ter-
restrial organic C is leached either as DOC or 
particulate organic carbon (POC) following par-
tial degradation in the catchment (Kortelainen 
et al. 2006). The movement of DOC through 
soils is an important process for the transport of 
carbon within ecosystems. Especially in northern 
latitudes, soluble C transport via surface waters 
represents a substantial component of the eco-
system C balance (Neff and Asner 2001, Billett 
et al. 2004, Fraser et al. 2004, Rantakari et al. 
2010). In Nordic surface waters, DOC has been 
found to constitute more than 90% of the total 
organic carbon (TOC) (Kortelainen et al. 2006).
Cultivation of reed canary grass (RCG, Pha-
laris arundinacea) for bioenergy has increased in 
Finland as an after-use option for cutaway peat-
lands. Our earlier studies (Hyvönen et al. 2009, 
Shurpali et al. 2009, Shurpali et al. 2010) showed 
that a site with organic soil growing RCG can 
act as a sink for carbon (net ecosystem exchange 
–99.55 g C m–2 a–1) with annual N
2
O and CH
4
 
emissions of 0.1 and 0.4 g m–2 a–1, respectively. 
However, the importance of ditch networks in the 
GHG and nutrient fluxes for this land-use option 
is unknown. Therefore, we measured fluxes from 
drainage ditches during three growing seasons, 
while leaching losses were assessed during seven 
consecutive years. Our objective in this study 
was to investigate the importance of drainage 
ditches in the total CH
4
, N
2
O and CO
2
 emissions, 
and export of TOC, nitrogen and phosphorus via 
surface drainage in a boreal cutaway peatland 
where the perennial grass, RCG is cultivated for 
bioenergy biomass. We hypothesised that the 
CH
4
 emission from the ditches contributes sig-
nificantly to the total CH
4
 emission, but the CO
2
 
and N
2
O emissions from ditches are insignificant 
additions to their total emissions.
Material and methods
Study site
The Linnansuo peatland complex (62°30´N, 
30°30´E) is located in eastern Finland on the 
border of the southern and middle boreal zones. 
Peatland drainage began in 1976, and extraction 
of peat for energy was initiated in 1978. The 
study site consists of strips of drained peat layers 
and drainage ditches (originally 1.2 m wide 
and 2.0 m deep) dug at 20-m intervals down 
to the mineral soil below the peat. These ditch 
dimensions and interval are typical of Finnish 
peat extraction sites. All ditches were devoid of 
any vegetation and some ditches contain algal 
growth. The ditches cover 6% of the study site.
Peat extraction was stopped when the 
remaining peat thickness reached 20–85 cm. In 
2001, RCG (variety Palaton) was planted on a 
cut-away area of 15 ha. As RCG is a perennial 
crop, there is no annual tilling except at the time 
of land preparation (2001). In every spring, the 
RCG site was fertilized (59.5 kg N ha–1, 14.0 
kg P ha–1 and 45.5 kg K ha–1), and in 2006, 
the site received additional lime (finely-crushed 
dolomite limestone [CaMg(CO
3
)
2
] at a rate of 
7800 kg ha–1) to increase soil pH. In spring 2008, 
ditches were blocked to raise the water level to 
improve the RCG growth and carbon balance of 
the site (Shurpali et al. 2010).
Based on the 1971–2000 climatic normal, the 
mean annual temperature and precipitation of 
the region are 2.1 °C and 667 mm, respectively 
(Drebs et al. 2002). January is the coldest month 
(mean temperature –10.6 °C) and July the warm-
est (16.0 °C). On average, a peak snow depth of 
Boreal env. res. vol. 18 • Gas emissions and surface leaching losses from a cutaway peatland 111
67 cm occurs in March, and the mean duration 
of snow cover is 183 days. The duration of the 
growing season is defined here according to the 
criteria described by the Finnish Meteorological 
Institute: the growing season starts (ends) when 
the mean daily temperature rises above (drops 
below) 5 °C for five consecutive days. The long-
term average length of the growing season in this 
region is 152 days, starting on 6 May and ending 
on 5 October.
Measurement of CH4 and N2O fluxes
For ditch emission measurements, in 2006 we 
selected two drainage ditches to be representa-
tive of the entire site. In the first ditch (d1), 
water level was occasionally below the ditch 
bottom in contrast to the second ditch (d2) where 
it was always above the ditch bottom. In addi-
tion, ditch d2 had algal growth. After blocking 
off the ditches in 2008, a third intermediate 
ditch (d3) with the water level above the ditch 
bottom and without algal growth was included 
in the study to improve representativeness. To 
estimate how the ditch type (amount of water 
and algal) affects the total GHG emission, we 
analysed ‘what-if’ scenarios. In the first scenario, 
half of the ditches were assumed to be similar 
to d1 type and the other half to be similar to d2 
and d3 types (situation before blocking of the 
ditches). In the second scenario, all ditches were 
assumed to be blocked off (situation after block-
ing off the ditches), and in the third scenario, all 
ditches were assumed to represent d2 type (water 
blocked and algal growth).
Fluxes of CH
4
 and N
2
O were measured from 
ditches with a static chamber technique (Nykänen 
et al. 1995, Alm et al. 1999) using either per-
manent collars or floating chambers. From ditch 
d1, gas fluxes were measured using permanent 
collars. Cylindrical collars (diameter 31 cm) 
equipped with water grooves were used to get a 
gas-tight connection between the collar and the 
chamber during flux measurements. The collars 
had holes on all side-walls (which are dug into 
the peat matrix) allowing lateral water movement 
through the collars. Gas fluxes were measured 
with removable aluminium chambers (diameter 
31 cm, height 20 cm). Floating chambers were 
used in d2 and d3 ditches, where the water table 
level was always above the ditch bottom and 
permanent collars could not be used. The floating 
chamber allows continuous water flow under the 
chamber during the measurement. The floating 
chambers were constructed of a conical plastic 
bucket (volume 11.4 litres, basal area 594 cm2) 
equipped with a styrofoam float allowing the 
chamber to float at a depth of 3 cm. Three repli-
cate chambers were used in each ditch.
Fluxes of N
2
O and CH
4
 were measured during 
the growing season once or twice a month. 
During the flux measurement period lasting 40 
min, four gas samples (20 ml each) were drawn 
from the chamber headspace using polypropyl-
ene syringes (Terumo UK Ltd.) equipped with 
3-way Connecta stopcocks. Gases from the sam-
pling syringes were transferred into evacuated 
12 ml soda glass vials (EXETAINER®, Labco 
Ltd., UK). Concentrations of N
2
O and CH
4
 were 
analysed within 4 weeks after sampling with a 
gas chromatograph (6890N, Agilent Technolo-
gies, USA) equipped with a Gilson auto sam-
pler (Gilson Company, Inc., USA), 63Ni electron 
capture detector (ECD) for N
2
O and a flame-
ionization detector (FID) for CH
4
 (more detailed 
information is available in Hyvönen et al. 2009).
Measurement of CO2 emissions
Emissions of CO
2 
were measured from ditches 
at the same location as CH
4
 and N
2
O emissions 
using either a static or floating chamber technique. 
Measurements were carried out during the grow-
ing season once or twice a month. The CO
2
 con-
centration in the chamber headspace was recorded 
at 10-s intervals for 3 min with a portable infrared 
gas analyser (LI-6200 Portable Photosynthesis 
System, LI-COR, Inc., Lincoln, NE, USA, operat-
ing with a flow rate of about 1 l min–1).
Leaching losses
The ditch network at this site was designed so as 
to enable accurate measurements of the runoff 
and associated nutrient leaching losses from the 
RCG cultivation. The runoff water from the 
RCG site flows through the ditch network to a 
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Thompson v-notch measuring weir and then to 
the river (Jänisjoki). The water level in the weir 
was recorded using a hydrostatic pressure sensor 
(Telog, model WLS-2109E, Telog Instruments 
Inc, Rochester, USA). The flow rate q (l s–1) was 
calculated as follows:
 q = 0.0236µh5/2,
where µ is the overflow coefficient (= 0.62) and h 
is the water level in the measuring weir (cm). The 
out-flowing water was sampled once or twice a 
fortnight during the weeks 18–44 (late April to 
end of October) in the years 2004–2010 for the 
analyses of chemical oxygen demand (COD
Mn
), 
total organic carbon (TOC), total nitrogen (N
tot
), 
(NO
3
 + NO
2
)-N, NH
4
-N, total and mineral phos-
phorus (P
tot
 and PO
4
-P), and iron (Fe) contents. 
Water samples were analysed at the laboratory of 
the Savo-Karjala Environmental Research Ltd. 
(Kuopio, Finland). The analyses followed the 
Finnish standards SFS 3036 for COD
Mn
, SFS-EN 
1484 for TOC, SFS-EN ISO 11905-1 for N
tot
, 
SFS-EN ISO 13395 for (NO
3
 + NO
2
)-N, Lachat 
10-107-06-1-F for NH
4
-N, SFS EN 1189 for P
tot
, 
Lachat 10-115-01-1-Q for PO
4
-P and SFS 3044 
for Fe. Leaching was calculated by multiplying 
the flow rate by measured concentrations.
Supporting measurements and 
estimation of seasonal fluxes
Along with chamber flux measurements, tem-
peratures of air, chamber and bottom sediment 
(at 2-cm depth) were measured. In addition, 
if the water table was above the ditch bottom, 
water temperature and water level height were 
recorded. Gas fluxes were calculated from the 
linear changes in gas concentrations over time 
during flux measurement. To fill the data gaps, 
daily flux values were interpolated linearly and 
then summed for each chamber location to gen-
erate growing-season values. Positive emission 
values imply net emissions to the atmosphere 
and negative values net uptake.
Statistical analyses
Because measured parameters were not normally 
distributed (Kolmogorov-Smirnov test), we used 
non-parametric statistics. To find out if there 
were any statistical differences in emissions 
among the ditch types or study years we used 
Kruskal-Wallis test. Similarly the difference in 
temperature between years was tested. Rela-
tionships between the emissions and controlling 
variables were evaluated with Spearman’s cor-
relation (r
S
). All statistical analyses, except post 
hoc test, were made with SPSS (SPSS 14.0 for 
Windows, SPSS Ltd., USA).
Results
The years 2005, 2006 and 2010 were drier than 
the others (Table 1 and Fig. 1), while the air tem-
peratures did not differ significantly among the 
years. The length of the growing season varied 
from 150 to 172 days (Table 1), being the short-
est in 2009 and the longest in 2008. All growing 
seasons, except in 2009, were longer than the 
long-term average (152 days, years 1971–2000).
The mean seasonal water level in the ditches 
ranged from 2.9 to 28.8 cm (Table 2). Because 
the summer of 2006 was dry, the maximum water 
level in ditch d1 was only 4.5 cm, and during 
most of the summer it was close to the ditch 
bottom, while in ditch d2, the water level ranged 
from 6.5 to 19.0 cm. In summer 2006, about half 
of the ditches contained water. However, since 
the ditches were blocked off in the spring of 
2008, more water accumulated in the ditches in 
the summers of 2008 and 2009; from 4 to 16 cm 
in ditch d1, and from 15.5 to 39 cm in ditches d2 
Table 1. the starting and ending dates, length (days), 
mean air temperature (°c) and precipitation (mm) of 
growing seasons 2004–2010 at the linnansuo site.
Year start end length t Precipitation
   (days) (°c) (mm)
2004 01 may 08 oct 160 12.7 560
2005 12 may 15 oct 156 12.4 227
2006 04 may 17 oct 166 11.7 277
2007 06 may 09 oct 156 10.7 441
2008 29 apr 18 oct 172 9.4 406
2009 01 may 28 sep 150 11.0 405
2010 09 may 09 oct 153 14.1 265
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Fig. 1. air temperature 
(°c), weekly precipitation 
(mm) and flow rate (l s–1) 
in the measuring weir at 
the linnansuo site during 
the weeks 18–44 in the 
years 2004–2010.
and d3. The highest mean sediment temperature 
(13.9 °C) was in ditch d1 in 2006 (Table 2) when 
the water table was occasionally below the ditch 
bottom. Nevertheless, when the water level was 
above the ditch bottom, the sediment temperature 
was relatively constant and the growing season 
mean values ranged from 7.9 to 9.9 °C.
Fluxes of CH4 and N2O
Fluxes of CH
4
 tended to be higher in ditch d2 
with the highest water level and abundant algal 
growth (Fig. 2). CH
4
 fluxes in ditches d1, d2 and 
d3 ranged from –1.87 to 1.91 mg m–2 d–1, from 
–0.76 to 99.32 mg m–2 d–1, and from –0.65 to 
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1.79 mg m–2 d–1, respectively. Mean CH
4
 flux in 
ditch d1 was 0.03 mg m–2 d–1, while it was 8.38 
mg m–2 d–1 in ditch d2, and 0.41 mg m–2 d–1 in 
ditch d3. The differences among years or cor-
relations among the CH
4
 flux and supporting 
climatic variables were not significant (Kruskal-
Wallis test and Spearman’s correlation, respec-
tively).
Daily N
2
O fluxes in ditches d1, d2 and d3 
ranged from –0.37 to 0.52 mg m–2 d–1, from 
–0.20 to 1.67 mg m–2 d–1, and from –0.32 to 0.40 
mg m–2 d–1; with mean N
2
O flux values being 
0.04, 0.06 and 0.04 mg m–2 d–1, respectively 
(Fig. 3). The differences among ditches or years 
in the N
2
O fluxes, and correlations among the 
N
2
O flux and environmental variables were not 
significant (Kruskal-Wallis test and Spearman’s 
correlation, respectively).
The lowest (cumulative) seasonal CH
4
 flux 
was from ditch d1 (–0.01 g m–2) in 2008 and the 
highest from ditch d2 (2.75 g m–2) in 2006 (see 
Table 2). During the growing season, the mean 
cumulative flux from ditch d1 was 0.02 g m–2, 
while it was 0.82 g m–2 from ditches with higher 
water level (d2 and d3). The lowest and highest 
cumulative seasonal N
2
O emissions of 2.72 and 
37.43 mg m–2 were recorded from ditches d3 and 
d2 in 2008 and 2009, respectively. The mean 
cumulative N
2
O flux was 0.009 g m–2 from ditch 
d1 (low water level) and 0.012 g m–2 from the 
wet ditches (d2 and d3).
CO2 emissions
The daily CO
2
 emission (Fig. 4) was lowest from 
ditch d1 (min = –0.4 mg m–1 h–1, mean = 27.4 
mg m–1 h–1) and the highest from ditch d2 (max = 
468.5 mg m–1 h–1, mean = 241.7 mg m–1 h–1). The 
lowest seasonal CO
2
 release, 111 g m–2, was from 
ditch d1 and the highest, 840 g m–2, from ditch 
d2 (Table 2). Emissions of CO
2
 from ditch d1, 
wherepermanent collars were used, correlated 
negatively with water temperature only in 2009 
(r
S
 = –0.6, p = 0.013). Any other correlations 
between the CO
2
 emissions and environmental 
variables were not found. There were no signifi-
cant differences among the ditches or years.
Importance of different ditch types
Water levels in ditches of drained sites can differ 
from those we recorded at our study site. There 
are also year-to-year variations in the hydrologi-
cal conditions of a site depending on precipita-
tion. Therefore, with a view to understanding 
how the different ditch types vary in relation to 
Table 2. mean water level (Wt) and sediment temperature at 2 cm depth (t2cm), ch4 and n2o fluxes and co2 emis-
sion (± sD) from the drainage ditches at the linnansuo reed canary grass site during the growing seasons of 2006, 
2008 and 2009. For comparison, GhG emissions from the cultivation strip are also included. Blocking of the ditches 
was made early summer 2008. d1 is a ditch where the water level was occasionally below the ditch bottom; d2 and 
d3 are ditches where the water level was always above the ditch bottom, and d2 has also algal growth.
Ditch Year Wt (cm) t2cm (°c) ch4 (g m
–2) n2o (g m
–2) co2 (g m
–2)
d1 2006 2.9 13.9 0.06 ± 0.05 0.010 ± 0.003 111 ± 500
 2008 8.6 8.6 –0.01 ± 0.01 0.007 ± 0.006 391 ± 114
 2009 11.6 9.9 0.00 ± 0.01 0.011 ± 0.004 351 ± 550
      
d2 2006 12.4 9.8 2.75 ± 1.91 0.004 ± 0.011 840 ± 153
 2008 25.9 8.0 0.69 ± 0.28 0.003 ± 0.001 599 ± 370
 2009 27.8 8.1 0.52 ± 0.14 0.037 ± 0.019 519 ± 890
      
d3 2008 24.4 7.9 0.09 ± 0.05 0.012 ± 0.005 448 ± 480
 2009 28.8 8.6 0.04 ± 0.03 0.003 ± 0.010 281 ± 340
strips 2004–2007   0.32 ± 0.31* 0.080 ± 0.123* 586–787**
* growing season average from the cultivation strips in years 2004–2007, hyvönen et al. 2009. **annual emission 
range of soil respiration during 2004–2005, shurpali et al. 2008.
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the water level and subsequently in GHG emis-
sions at our site, we assumed three different 
‘what if’ scenarios (Table 3). According to the 
first scenario assuming that half of the ditches 
are waterlogged and the rest are dry (situation 
before blocking of the ditches), seasonal emis-
sion of CH
4
 from the ditches is close to that from 
the strips (measured in 2004–2007, Hyvönen et 
al. 2009). In the second scenario, assuming that 
all the ditches are waterlogged (close to situa-
tion after blocking off the ditches), seasonal CH
4
 
emission (g m–2 d–1) from the ditches would be 
about 2.5 times that from the strips. However, 
when the total area of ditches, which at this study 
site is 6% of the total cultivation area, is taken 
into account, seasonal CH
4
 flux from the ditches 
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Fig. 2. ch4 fluxes from 
drainage ditches at the 
linnansuo reed canary 
grass site during the 
growing seasons of 2006, 
2008 and 2009. averages 
of three replicate cham-
bers with standard devia-
tion are given.
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is not significantly higher than that from the 
strips, and thus the ditches have minor impact on 
the total CH
4
 emission. Only in scenario three, 
assuming that all the ditches resemble ditch 
d2 (water level always above the ditch bottom 
and there is some algal growth in the standing 
water), CH
4
 emission from the ditches could be 
significantly higher than that from the strips, thus 
contributing markedly to the total CH
4
 emission 
from the cultivated site. This scenario, however, 
was not realized at our study site during the 
study years. In contrast to CH
4
 emissions, ditch 
types had no effect on the total N
2
O and CO
2
 
emissions from the study site. In addition, when 
calculating global warming potential for CH
4
 
and N
2
O emissions (GWP values with a 100-
year time horizon are 25 and 298 for CH
4
 and 
N
2
O, respectively; IPCC 2007) the difference 
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Fig. 3. n2o fluxes from 
drainage ditches at the 
linnansuo reed canary 
grass site during the grow-
ing seasons of 2006, 2008 
and 2009. averages of 
three replicate chambers 
with standard deviation 
are given.
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between the best and worst scenarios was only 
1.34 g CO
2
-eq m–2 being statistically insignifi-
cant (Table 3).
Leaching losses
During 2004–2007, the average flow rate in the 
measuring weir was 7 l s–1, while in 2008, due 
to the blocking off the ditches, the average flow 
rate was only 20% of that. In 2009, however, the 
average flow rate was at the same level as during 
2004–2007. In 2010, due to low precipitation, the 
flow rate was again lower (4 l s–1) (Fig. 1). High 
peaks of rainfall resulted in increased flow rates 
which can be seen as peaks in the export of TOC, 
N
tot
, mineral N [(NO
3
 + NO
2
)-N and NH
4
-N], P
tot
, 
PO
4
-P and Fe, although their concentrations did 
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Fig. 4. co2 emissions 
from drainage ditches at 
the linnansuo reed canary 
grass site during the grow-
ing seasons of 2006, 2008 
and 2009. averages of 
three replicate chambers 
with standard deviation 
are given.
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not always follow the same pattern (Figs. 5 and 
6). Among the years, COD
Mn
 varied from 4.0 to 
39.0 mg l–1 and TOC concentrations from 1.9 to 
33.0 mg l–1. N
tot
 concentration varied from 210 
to 2500 µg l–1, (NO
3
 + NO
2
)-N from 0 to 1200 
µg l–1, NH
4
-N from 0 to 710 µg l–1, P
tot
 from 6 
to 230 µg l–1, PO
4
-P from 0 to 110 µg l–1 and Fe 
from 180 to 4300 µg l–1. Daily exports of TOC, 
N
tot
, (NO
3
 + NO
2
)-N, NH
4
-N, P
tot
, PO
4
-P and Fe 
varied from 0 to 511, 28.3, 7.7, 2.6, 3.1, 2.3 and 
49.6 mg m–2 d–1, respectively. The highest sea-
sonal (cumulative) exports of TOC, P
tot
, PO
4
-P 
and Fe was in 2009, of N
tot
 and NH
4
-N in 2004, 
and of (NO
3
 + NO
2
)-N in 2006 (Table 4). All lea-
chates had their lowest seasonal exports in 2008, 
the first year of the hydro-manipulation experi-
ment (Table 4).
TOC and COD
Mn
 were very strongly cor-
related (r2 = 0.97, Fig. 7) allowing estimation of 
TOC from COD
Mn
 if the actual TOC data were 
lacking. In addition, COD also correlated with 
the concentration of N
tot
 (r
S
 = 0.75, p < 0.001) 
and P
tot
 (r
S
 = 0.69, p < 0.001). TOC correlated 
with N
tot
 (r
S
 = 0.59, p < 0.001), P
tot
 (r
S
 = 0.71, p 
< 0.001) and Fe (r
S
 = 0.48, p = 0.003). In addi-
tion, N
tot
 correlated with NH
4
-N (r
S
 = 0.66, p < 
0.001) and P
tot
 (r
S
 = 0.69, p < 0.001) and Fe (r
S
 = 
0.48, p = 0.002), P
tot
 correlated with PO
4
-P (r
S
 = 
0.66, p < 0.001) and NH
4
-N with Fe (r
S
 = 0.47, p 
= 0.008). (NO
3
 + NO
2
)-N did not correlate with 
any variable. Seasonal TOC export correlated 
with organic N (r
S
 = 0.96, p = 0.037) and P
tot
 (r
S
 
= 0.95, p = 0.0081). In addition, N
tot
 export cor-
related with organic N (r
S
 = 0.92, p = 0.025).
Discussion
Fluxes of CH4
The waterlogged ditches (d2 and d3), in spite of 
their lowest sediment temperature, showed the 
Table 3. the role of the ditches in the total seasonal GhG emissions under three different scenarios of water-level 
distribution in the ditches (data from the linnansuo reed canary grass site). seasonal emissions of ch4, n2o and co2 
(g m–2) from the ditches and cultivation strips, total emission (including area-weighed emissions from the ditches and 
cultivation strips), contribution (percentage) of ditches to the total emissions and global warming potential (GWP).
  Scenario 1a Scenario 2b Scenario 3
  50% of the 100% of the 100% of the
  ditches are ditches are ditches are
  waterlogged waterlogged waterlogged
    and of d2 typec
ch4 (g m
–2)
 ditches 0.42 0.82 1.32
 strips 0.32 0.32 0.32
 total 0.33 0.35 0.38
 percentage 8 15 22
n2o (g m
–2)
 ditches 0.01 0.01 0.02
 strips 0.08 0.08 0.08
 total 0.08 0.08 0.08
 percentage 1 1 1
GWP (ch4 + n2o)
d (g co2-eq. m
–2)
 stripse 32.00 32.00 32.00
 total 32.09 32.59 33.34
co2 (g m
–2)
 ditches 410.89 537.61 519.18
 strips 686.50 686.50 686.50
 total 668.65 676.86 675.67
 percentage 4 5 5
a situation found before blocking of the ditches. b close to situation after blocking of the ditches. c algal growth in 
standing water. d GWP values with the 100-year time horizon for ch4 and n2o are 25 and 298, respectively (iPcc 
2007). annual nee –523 g co2 m
–2 (shurpali et al. 2009). e hyvönen et al. 2009.
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Fig. 5. export and con-
centrations of ntot, (no3 + 
no2)-n and nh4-n in ditch 
water during the years 
2004–2010 at reed canary 
grass site in linnansuo.
Table 4. seasonal (weeks 18–44) export of total organic carbon (toc), total and mineral nitrogen [ntot, (no3 + 
no2)-n, nh4-n], total and mineral phosphorous (Ptot, Po4-P), and iron (Fe) during 2004–2010 at the linnansuo reed 
canary grass site.
Year toc ntot (no3 + no2)-n nh4-n Ptot Po4-P Fe
 (g m–2) (g m–2) (g m–2) (g m–2) (g m–2) (g m–2) (g m–2)
2004 7.37 0.52 0.07 0.08 0.03
2005 4.30 0.27 < 0.01 0.05 0.02
2006 5.86 0.41 0.09 0.02 0.02
2007 8.21 0.39 0.05 0.01 0.04
2008 1.73 0.06 < 0.01 < 0.01 < 0.01 < 0.01 0.10
2009 11.46 0.43 < 0.01 0.01 0.07 0.03 0.61
2010* 3.92 0.13 < 0.01 0.01 0.03 0.01 0.25
mean 6.12 0.31 0.03 0.03 0.03 0.01 0.32
* underestimated due to technical problems (data from the weeks 24–44).
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highest CH
4
 emissions obviously due to their 
anaerobic conditions which favour methane pro-
duction but limit methane oxidation. Methane 
is not only produced in the ditch bottom but it 
could also be transported via groundwater from 
the anaerobic peat adjacent to the ditches and 
then liberated there to the atmosphere (Roulet 
and Moore 1995, Minkkinen and Laine 2006). 
An earlier study from this site (Hyvönen et 
al. 2009) which included the 2004–2007 CH
4
 
and N
2
O flux data from the strips (the RCG 
cultivated areas between the drainage ditches), 
showed that the mean strip CH
4
 flux during the 
growing seasons was 0.3 g m–2. However, only 
at one sampling location (ditch d2, where water 
level was always above the ditch bottom) emis-
sions were higher than those from the strips, 
while CH
4
 emissions from the other ditches (d1 
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and d3) were even lower.
Our hypothesis, that at this site CH
4
 emis-
sions from the ditches contribute significantly 
to the total CH
4
 emission (including emission 
from the cultivation strips and drainage ditches), 
was not supported, because when considering 
the total CH
4
 emission from the study site, only 
10% of CH
4
 was released from the ditches (con-
stituting 6% of the total site area). In contrast, in 
the study by Schrier-Uijl et al. (2010), the CH
4
 
emissions from the ditches at their study site 
were estimated to be 70% of the total CH
4
 emis-
sion. The main factors affecting CH
4
 emissions 
from wetlands are water table depth, air, water 
and soil temperatures, availability and quality 
of substrates and vegetation characteristics (Le 
Mer and Roger 2001, Whalen 2005). In addition, 
ditch density can highly affect CH
4
 emission 
levels (Roulet and Moore 1995, Minkkinen and 
Laine 2006). In our study, however, CH
4
 emis-
sion did not correlate with water table depth or 
with air, water and soil temperatures due to low 
emission rates.
Vegetation and soil characteristics in the 
bottom of the ditches highly affect CH
4
 fluxs 
(Sundh et al. 2000, Minkkinen and Laine 2006). 
In our study, the highest CH
4
 emission was from 
ditch d2 (high water level and abundant algal 
growth). The algal growth provides substrates 
that methane producers can utilize if the condi-
tions in the ditches are anaerobic (Minkkinen 
and Laine 2006). However, the ditches at our 
study site possess generally negligible amount 
of vegetation, and they are dug down to the min-
eral soil reducing the substrate availability for 
methanogenesis in the ditch sediments. In addi-
tion, amount of algae and vegetation may also 
explain lowered CH
4
 emissions from ditch d2 
after ditch blocking in 2008 when ditches were 
also partly cleaned. This mainly explains why 
the observed ditch methane emissions from this 
study are lower as compared with those repored 
by Schrier-Uijl et al. (2010). It has also been 
speculated that the interval of the ditches may 
to some extent affect CH
4
 emissions (Roulet and 
Moore 1995, Minkkinen and Laine 2006). At our 
study site, the ditch interval of 20 m (typical of 
Finnish peat extraction sites) maintains water 
table at a level low sufficient to reduce the CH
4
 
production in the peat.
Fluxes of N2O
The temporal variation in N
2
O emissions from 
ditches was small during the growing season. 
In the beginning of the growing season, how-
ever, the emissions of N
2
O peaked (up to 1.67 
mg m–2 d–1) probably as a result of spill-over 
during fertilization of the RCG strips at the 
beginning of every growing season. During the 
rest of the season, N
2
O emissions from the 
ditches were negligible. Seasonal N
2
O emissions 
from the ditches were lower than those from the 
strips (0.08 g m–2; see also Hyvönen et al. 2009), 
being only 0.8% of the total N
2
O emission from 
the site. We conclude that the seasonal N
2
O 
emissions both from the strips and ditches were 
low. Nitrous oxide production is controlled by 
soil oxygen concentration (related to soil water 
status), availability of mineral nitrogen (espe-
cially nitrate), soil type (e.g. nitrogen content, 
C to N ratio and pH) and management practices 
(e.g. fertilization, liming and crop type) (Mar-
tikainen et al. 1993, Mosier 1994, Mosier et al. 
1996, Freney 1997, Maljanen et al. 2010). There 
are differences in N
2
O emission rates among 
managed peatlands resulting not only from their 
hydrology but also from their peat characteris-
tics. In general, when the C/N ratio of peat is 
above 25, N
2
O emissions are low resulting from 
the reduced capacity of the low quality peat 
to release mineral nitrogen for microbial proc-
esses (nitrification, denitrification) associated 
with N
2
O production (Klemedtsson et al. 2005, 
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Fig. 7. relationship between chemical oxygen demand 
(coDmn) and total organic carbon (toc) in 2006 in 
water leaching from the reed canary grass site in lin-
nansuo.
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Maljanen et al. 2007, Maljanen et al. 2010). Our 
study site can be considered to have a limited 
capacity for N
2
O emissions because the residual 
the C/N ratio of the peat is 42. This obviously 
limits the N
2
O emissions also from the ditches 
which showed, as commented above, elevated 
N
2
O emissions only for a short time after the 
nitrogen fertilization on the strips.
Emission of CO2
Shurpali et al. (2008) resports that in 2004–2005 
at the same site, emissions of CO
2
 from the 
ditches were at the same level as the soil respi-
ration rates at the cultivation strips. This means 
that the ditches do not contribute significantly to 
the total CO
2
 emissions from the site supporting 
results presented in other studies of drained peat-
lands (Best and Jacobs 1997, Sundh et al. 2000). 
Our hypothesis regarding insignificant contribu-
tion of CO
2
 and N
2
O emissions from ditches to 
the total emission was thus correct. Because of 
lack of correlations between CO
2
 emission and 
temperatures (air, water and soil), we assume 
that CO
2
 production in the ditches is insignificant 
(no biological processes behind CO
2
 emission) 
and, as soluble gas, CO
2
 and possibly some CH
4
 
are leached from the cultivation strips.
Leaching losses
High coverage of peatlands in the catchment 
is associated with high TOC, N
tot
, total organic 
nitrogen (TON), NH
4
-N and Fe concentrations 
in leached water (Kortelainen et al. 2006). At our 
study site, DOC was analysed only in 2007 when 
it was 94% of TOC supporting results from the 
study of Kortelainen et al. (2006) who also found 
that the DOC forms a major part of TOC. Nitro-
gen leaching from peat soils is higher than from 
mineral soils and draining further increases the 
total N leaching (Sallantaus 1986). In 2004, 2006 
and 2007, leaching of (NO
3
 + NO
2
)-N peaked 
during the weeks 21–24 and which was most 
probably due to fertilization two weeks earlier. 
Inter-annual variation in leaching was mainly 
caused by different amounts of precipitation. In 
2008, low leaching values were due to blocking 
off the ditches. Peatlands typically have weak P 
absorption capacity which leads to high propor-
tion of P being exported (Kortelainen et al. 2006) 
and drainage has been shown to increase export 
of P (Sallantaus 1986, Heikkinen et al. 1995). 
Our results are consistent with those reported by 
Sallantaus (1986) and Kortelainen et al. (2006). 
They reported that the majority of leached P 
and N are in organic form. In addition, also Fe 
leaching might increase after peatland drainage 
(Sallantaus 1986). Syväsalo et al. (2006) reported 
that in mineral agricultural soils, N losses to 
water were larger or similar to the gaseous N 
losses as N
2
O. At our study site, five times more 
N was leached via ditches than as N
2
O-N. This 
is due to the low emission rates of N
2
O from our 
site (Hyvönen et al. 2009). However, it has to 
be noted that gaseous losses could be underesti-
mated because of unknown losses as N
2
.
Leaching and output (water export via 
ditches) to input (precipitation) ratio tended to 
be lower after blocking off the ditches. In 2009, 
however, there were small leakages in some of 
the damns which may have resulted in higher 
flow rates as compared with those in 2008. All 
leakages were repaired during the 2009 growing 
season. In addition, as a result of blocking off the 
ditches in 2008, air-filled pore space was filled 
with water and became saturated (N. J. Shurpali 
unpubl. data). After repairing of the damns satu-
ration was reached again in 2010. A comparison 
of the soil moisture status monitored continu-
ously before and after blocking off the ditches 
suggests that the peat matrix was indeed more 
saturated as the soil moisture after blocking had 
lower seasonal variation (data not shown).
When comparing flow rates from this site 
to the adjacent Huosiovaara peat extraction site 
where flow rates have been recorded year-round, 
we can estimate that, on average, 1% of TOC 
and P
tot
 and 14% of N
tot
 is leached outside our 
measurement period (weeks 18–44) (L. Heitto 
pers. comm). However, this comparison could 
not be made in 2010 due to the lack of data from 
both sites. When comparing leaching losses from 
our study site with the published data from vari-
ous catchment types in Nordic surface waters, 
TOC losses by leaching at our site were lower 
than from active peat extraction sites but similar 
to the loss rates measured from forested or agri-
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cultural catchments (Table 5). Instead, leaching 
of N
tot
 and P
tot
 was lower than that from agricul-
tural catchments but higher than from forested 
catchments. In addition, leaching of N here was 
lower and leaching of P similar to that from peat 
extraction areas. Also earlier studies (Partala 
and Mela 2000, Fraser et al 2004, Pahkala et 
al. 2005, Puustinen et al. 2005, Antikainen et 
al. 2007, Puustinen et al. 2007) shows that with 
perennial crops, such as RCG, no-tillage practice 
and permanent vegetation cover may reduce 
nutrient leaching.
Total carbon balance
When estimating the total carbon balance of a 
drained peatland ecosystem, net ecosystem CO
2 
exchange (NEE), CH
4
-C emission both from 
the strips and ditches, and leached C have to 
be taken into account. At our study site, the 
annual NEE was on average –99.55 g C m–2 a–1 
(years 2004–2008; Shurpali et al. 2010), the total 
CH
4
-C emission (area-weighted, including the 
cultivation strips in 2004–2007 and drainage 
ditches in 2006–2009) was 0.3 g CH
4
-C m–2 a–1 
and loss of C as TOC was on an average 6.1 
g C m–2 a–1 (years 2004–2010). When all these 
are summed, net carbon exchange from this site 
amounts to –93.2g m–2 a–1. This further confirms 
the conclusions of our earlier works (Hyvönen 
et al. 2009, Shurpali et al. 2009 and Shurpali 
et al. 2010) that the RCG cultivation on a cut-
away peatland is a C sink even when GHG from 
ditches and C leaching are included, that and it 
is the only after-use option of cut-away peatland 
with C sink. This study, however, shows results 
only from one site and more studies with differ-
ent soil types (e.g. on mineral soil) are needed.
Conclusions
Both the GHG balances and leaching losses of 
carbon and nutrients have to be known when 
evaluating environmental impacts of bioenergy 
crop cultivation. Drainage ditches can contrib-
ute to the total GHG emission in drained peat-
lands. This study shows that CH
4
 emissions from 
ditches depends on the ditch characteristics. Only 
ditches with standing water and abundant algal 
growth had high CH
4
 emissions and affected the 
Table 5. comparison of annual exports of total organic carbon (toc), total nitrogen (ntot) and total phosphorous 
(Ptot) from linnansuo reed canary grass site with exports from catchments with variable land-use in Finland.
site description Peatland toc ntot Ptot reference
 (%) (kg ha–1) (kg ha–1) (kg ha–1)
rcG on peat soil 100 61 3.1 0.31 this study
Pristine peatlands 100  1.0–3.1 0.04–0.15 sallantaus 1986
 100 80–124a   sallantaus 1992
Forested catchments 0–88 62 1.3 0.05 Kortelainen et al. 2006
 10–71 30–100 1.4 0.05 mattson et al. 2003
 9–70 81   sarkkola et al. 2009
 0–96  2.5 0.09 vuorenmaa et al. 2002
 100  1.2–2.3 0.05–0.1 sallantaus 1986
 8–64 23–148   rantakari et al. 2010
 100 141–166a   sallantaus 1992
agricultural catchments 0–7  15.0 1.10 vuorenmaa et al. 2002
 7  8.2  Granlund et al. 2004
 100  16–58 1.00–3.00 sallantaus 1986
Peat extraction areas 100  10.0 0.26 sallantaus 1986
 100  10.0 0.27 alahuhta 2008
 100  10.7–15.0 0.19–0.38 Kløve 2001
 100 112b 13.7b 0.54b l. heitto pers. comm.
 100 138c 11.0c 0.35c l. heitto pers. comm.
a as Doc. b 6-year average (2004–2009) of site huosiovaara, adjacent to the rcG site. c 6-year average (2004–
2009) of all peat extraction areas in the north-savo area in Finland.
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total CH
4
 emissions from a cutaway peatland 
cultivated with reed canary grass. Ditch N
2
O and 
CO
2 
emissions did not contribute significantly to 
the total site emissions. Besides low GHG fluxes 
from the ditches, the site acted as a carbon sink 
even after leached carbon was included. In addi-
tion, nitrogen losses from former peat extraction 
sites cultivated with reed canary grass were 
lower than those from peat extraction areas or 
from catchments dominated by agricultural land.
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